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ABSTRACT 
In this study heat transfer in a vortex _flow has been 
investigated experimentally .9.nd analyzed qualitatively. 
Air was forced through a Ranque tube in order to get 
D- swirling turbulent flm\,. in its "hot" section. The test 
se~tion, having a diameter of .355 inches and a length of 
27.5 inches, was heated by an induction coil. 
Three types of flow were under investiga.tion: a 
linear turbulent flow, a vortex uniflow and a mixed 
vortex-linear turbulent flm·1. 
The experiments covered a range of tube-wall tempera-
ture from 570 to 900 Deg.Rand inlet pressure to the vortex 
genera.terr ranged from 25 to 110 psia. Reynolds numbers for 
the lineAr turbulent flow riS.nged f rorr. 10000 to 16 0000. Heat 
fluxes ranged from 1000 to 19000 BTU/hr.sq.ft. 
The experimental rest;ilts indicate a considerably 
higher inside surface heat transfer coefficients for the 
vortex uniflow than those for a linear turbulent flow of c).ir 
;;-,t the s.:-·.me mass rate of flow. 
INTRODUCTION 
The problem of economic heat transfer apparatus is 
dependent on t~·m factors: a) The cost of the equipment 
needed for the proposed opern~ion, b) 
operation of the heat transfer system. 
The cost of the 
Consequently 
engineers should consider solutions to th2t problem which 
would minimize the following: a) The ratio of the volume 
of the heat transfer apparatus to the rate of heat transfer, 
b) The ratio of the pumping power to the rate of heat 
transfer. 
The immediate parameters to be analyzed for improve-
ment are heat transfer coefficients and friction factors. 
Improvements in these p~rameters generally involve changes 
in construction material, geometrical configuration, trans-
ferring medium and fluid flow pattern. 
The purpose of this thesis was to program preliminary 
experiments in order to gain qualitative information about 
the influence of · the vortex pattern; which occurs in the 
Ranque tube, on the convecti..ve, heat transfer coefficients 
when air flow is being heated starting with room temperature. 
3 
In contrast to corrunon procedures the friction factors 
in the tube were not under investigation in this study inas-
much as ordinary scope limitations on a thesis do not permit 
I 
a study of these, because. such an extension would involve 
many more complications in instrumentation and ·would consid-
erably increase the time required. However, an attempt was 
made here to study the subject by as many methods of ana"iysis 
as was conceivable, bearing in mind the above mentioned 
restrictions. These methods are discussed in the chapter 
titled Discussion. 
LITERATURE SURVEY 
The rate of heat transfer to fluids flowing linearly 
in pipes ·was the subject of many investigations. Most of 
these are reviewed in various heat transfer textbooks (20,21, 
22,23,24)e However, only a few works have reported on the 
heat transfer to air in a swirling flow. 
In 1931 Colburn and King (1) investigated the influ-
ence of swirling motion on the convective heat transfer 
coefficient for heated watere 
Kreith (2,3) presented theoretical and experimental 
study of the effect of curvature on the film heat transfer 
coefficients for water and alcohol. Kreith reported that 
for siroilar flow rates the heat transfer coefficients from 
concave surface were found to be 25 to 65 percent higher 
·than the coefficients on the .convex side for non-bo_iling 
water. Predicted Nusselt numbers for a concave surface 
~vere ··shovm to be as ·much as 25 to 65 percent higher than 
those for a convex surface in the same range of Reynolds 
. . . . 
numbers, for fluids having Prandt;1· numb~~-s . :1?-rger than O. 7. 
Kreith aI1:d Margolis (4) experimented with heat 
transfer and. friction effect in swirling turbulent flow 
of air and non-boiling water. The swirl was produced by 
the insertion of . coiled wires or twi_sted strips into the 
circulctr cross section tubes. It was found that the ratio 
of the Nusselt Number in swirling flow to that of axial 
flow at the same m:.:.ss rate of flm·1 is dependent on the 
centrifugal field and varied from 1.2 to 3.0 for water and 
from 1.1 to 1.6 for air. 
5 
Boiling burnout with water in vortex flow was studied 
by Gambill and Greene (5). The experiments indicated that 
. 'T 6 . heat fluxes as high as 50 x 10 BTU/hr.sq.ft. were obtain-
able. The vortex flow was produced in the Ranque tube. 
A similar investigation was reported by Fleming 
and Grubb (6) who used thin gold film as resistance 
heaters in the heat transfer experiments. The maximum 
burnout hec1.t fluxes which were obtained were in ·the order 
of 3.6 x 106 BTU/hr.sq.ft. The swirl flow was produced 
by a spiral impeller, fitted to the inside of a pipe. 
A recent experimental study of the heat transfer to 
water flow in the Ranque tube is presented by Schmidt (7). 
A number of studies which deal with vortex tubes of 
the Ranque type, without heat transfer, have been published. 
The complex nature of the Ranque-Hilsch effect has been only 
roughly explained qualitatively. A quantitative solution of 
the performance of the vo~tex tube is still lacking. Some . . 
of the earliest experimental .and analytical programs we.re 
designed and- carried out by -Hilsch (8), 1,lebster (9), 
6 
Fulton (10), Wenig (11) and McGee (12). The latest programs 
are those of Hartnett and Eckert (13), Scheller and Brmm (14), 
and Lay (15). Re~ently, a theoretical analysis of the energy 
sep2.ration in a compressible vortex flow ·was presented by 
Deissler and Perlmutter (16). The curved flow of an incom-
pressible. fluid was experimented with and analytically 
studied by Yeh (17), Eskinazi and Yeh (18), and Talbot (19). 
I APPA.llATUS 
1. -::lb.at Is The Ranque Tube? 
The Ranque tube is a small 4evice with no moving parts 
which divides incoming compressed gas into two streams of 
high and ~ow stagnation temperatures in a vortex field • 
. This effect was first reported in 1931 by G •. J. Ranque. 
Professor ·R~ Hilsch, a-low temperature physicist, used the 
tube as a ptecooler in his experiments. His studies of. the 
properties of the tube were published (8) in 1946. The 
energy separati~n in the tube is known as the 11Ranque-Hilsch 
Ef f~ct" e '.T.'he tube has sometimes been called the "Hilsch 
Tubeu or t;he "Vortex tupe"e 
High pressure gas is introduced through nozzles 
located tangentially to the periphery of the tube and 
perpendicular to its axis (Figure 1). Within the tube 
the ~enter of the flow will reach a stagnation temperature 
lower than that of the incoming gas, while .oti_tside portions 
of the flow will reach a stagnation temperature higher than 
that : of the incoming·gas. 'rhe static pressure survey in 
the tube shows that there exists a radial gradient in the 
circular cr9~s section of the tube, indicating that the 
-pressu~e in the center is lower than that in the outside 
porti~~ of· _the fl~~. A ~o~tex counterflow is obtained 
_/;~hen,~~~e:~;~9.;",aUd:;_,~oici.:i~Zit!-~s~'a2~ f:9r;e~t ·axially ', ~~ ,''; 
I 
I 
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5. Vortex generator body 
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9 
opposite directions. The cold stream is removed through an 
opening of a smaller diameter than that of the tube. A 
vortex uniflow is obtained when the hot and the cold streams 
are forced in one direction and are separated by two con-
centric tubes. The cold stream will flow in the inner tube, 
while · the hot stream will flow in the annuli. The ·tube 
t 
section through which the hot stream of the vortex counter-
flow (the first case) or the vortex uniflow (the second case) 
flows : is termed the "hot tube". The tube section through 
which the cold stream of the counterflm~ flows is termed the 
"cold '. tube". The nozzle section, where the tangential 
velocity component of the entering gas is ·-: produced is 
termed the "vortex generator" (Figure 1). 
2. Vortex Generator 
The four-nozzle vortex generator used in this study 
is actually the same one which was built by Schmidt (7). 
The generator was constructed from 1040 steel according to 
the d~sign given in Figure 2. The generator was also used 
as a one-nozzle generator by plugging three nozzles and 
enlarging the diameter of the fourth one (the closest to the 
orifice plate) to .1285 inches in order to keep a constant 
cross ·: sectional area of the tangential entrance to the tube. 
3. Cold Tube 
The cold tube, a piece of steel pipe with nominal 
df~ensi~Ii~ .. 9t .... i/4 _,:int?h "in_side-:-,diameter and 12 inches long, 
,· . . 
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extends from the vortex generator as illustrated in Figure 
.3. The tube was threaded 4 inches from the edge. on the 
outside in order to make 1t possible to seal the tube in 
the inlet chamber as shm·~ in Figure 3. A small orifice 
plate, .20 inch. insid·e diameter and .05 inch thick is 
located between the. cold tube and .the vortex generator. 
4. Te.st Section 
The test section used in the heat.transfer experi-
ments was a piece of steel pipe with nominal diameter of 
11 
1/4 inch and length of 27.5 inches. One end was sealed by an 
"0" ring in the vortex generator and the other end "t·1as 
screw·ed to the ·wall of the mixing chamber. 
The ups:1tream section of the tube was machined at a 
distance. of 2.5 inches from the edge to a depth of 1/16 
inch and a width of 1/4 inch in order to de.crease the 
effect of heat conduction on the end of the tube. 
To pre.vent heat conduction at the other end, the 
tube was connected to the mixing chamber by aluminum 
flanges which we.re separated by insulating asbestos 
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As it is shmm in Figures 4, 5 and 6, the test section 
was d:r-m,m together with the vortex generator by using two 
tie rods, an aluminum clamp and two short pieces of angle 
beam ·which ·were \•7elded to the inlet chamber No. 3. 11he 
aluminum clamp ·which consisted of two halves, Ha.s mounted 
upstre2m of the test section and insulated from the tube 
by a piece of flat rubber. A steel washer \vas welded to 
the tube nt a distance of 1.25 inches from the inlet end 
and functioned as an extra. support to the clamp. A rubber 
gasket installed between the steel ·washer and the aluminum 
clamp offered the required flexibility to this connection. 
The inlet flow control valves to the test section 
D.re shown in Figure 7 and Figure 8. . The flm·1 control 
installation maq.e it possible to produce in the test section, 
.o.11 types of flow used in the present study "t·li th.out intro-
ducing any change in the vortex tube. 
5. Test Unit 
The test unit system is shown in Figures 8 and 9. 
The incoming air passed 2.. main flowmetering device, a 
flexible hose, and reached a distributing section. 
When a linear turbulent flow was under investigation, 
valve No. 1 2.nd No .. 3 ·were closed. The air flm·1 passed in 
succesion through the distributing section, valve No. 2, 
FIGURE 4 
Vortex Generator Connection 
'Inlet 
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General Sight of Test Unit 
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inlet mixing chambers No • .!_ and 2, the cold tube, the center 
tube of the vortex generator, the test section, outlet mixing 
chamber, control valve No. 4 an.d · a vent to atmosphere. 
·when a vortex uniflm·1 ·'=·ms under investigation, v~lve 
No. 1 a.nd 2 were closed -and the air passed in succesion 
through the distributing sect~on, v~lve No. 3, inlet mixing 
chamber No. 3, vortex generator, test eection, outlet mixing 
chamber, control valve No. 4 and a vent to atmosphere. 
When a vortex counterflm·1 ,;;-ms under investigation, 
control valve No. 2 was closed and No. 1 was i·ridely 
opened. ·The air passed through the distributing section, 
valve Ho. 3, inlet mixing chamber No. 3 and the vortex 
generator. In the vortex generator, the hot stream flm·!ed 
tp.rough ~ test section, outlet mixing chamber, cont'!.-ol 
valve No •. 4 and a vent to atmosphereo 1"he cold stream 
flm·1ed through an orifice plate, cold tube, mixing chamber 
No. f and 2, valve No. 1:_, flm-nnetering device and a vent 
to atmosphere. 
When a mixed vortex-linear turbulent flo·w was under 
investigation, valve No. 1:_ was closed and the flo·w was 
controlled ,;,:rith valve No. 2 and 3. 
21 
The test unit \':e.s ·built. from st2ndard pipe fittings 
except £or the vortex generator previously described, and 
the aluminum-made outlet mixing chamber. The inside of the 
outlet mixing chamber 't·ms 4 inches high, 3.5 inches wide 
and 7 inches long. 
6. Air Supply System 
A scheme.tic diagrani of fluid flow e.nd instru.menta-
tion in the supply system is given in Figur~ 10. 
Compressed air was forced through a pressure regulator 
·valve, passed through a cooler and a liquid separating unit, 
into a receiver. The air flowed from the receiver through 
a J.?ipe line, of 3/4 inch nominal diameter and 60 fe'et in 
length, to a :CJ.O'Wmet:ering device. From the flowm.etering 
device it ,;,;ras f eq. through a· flexible hose to the test unit 
as e}::p'lained in -the· preceding discussion.· Two compr'essors 
were.used, one at a time. Unfortunately, the Inge.rsoi-Rand 
reciproc2ting compressor delivered, along with the ~i·.,... a 
c~ - ' 
certain amount of oil which was liable to decrease the film 
coefficients of heat transfer. This problem is discussed 
in the chapter titled Discussion. A sliding vane compressor, 
a prod~ct of Gardner-Denver Company, was used during part 
of the experiments. This compressor was designed to sepe.r-
ate 99.9% of the oil in the pressurized air. However, no 
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of the purity of the air from this comp1 ..essor. It was 
therefore preferred to use the reciprocating compressor, 
as less fluctuations occurred in the discharge pressure of 
the. air. 
7. Power Supply System 
A Westinghouse nrultipurpose induction heater 
operating with 30 kilowatts and 9600 cycles/second w~s 
used. A generator, driven by an electric motor, supplied 
the. electric energy through a ste.p-vari2.ble transformer 
to the induction coil. The induction heater, including 
the induction coil, ,;;,,as cooled by 2.n inside cooling 
system, ·which passed 535 gallon/hour of water. Difficul-
ties in data collecting on the induction heater are 
discussed in Instrumentation. 
The induction coil was made from 1/4 inch copper 
tubing, and was 3 inches i n diameter, 16 inches long, 
and consisted of 10 turns. The induction_. coil is shown 
in Figure 11. 
8. Instrumentation 
A. Surface·Tempe.raturc Measurements 
'D:venty-four gauge iron-constantan therrn.ocouple 
wire s were used in mea suring the surface temperature 
-of the test section. 
24 
FIGURE 11 
Induction Coil and Test Section 
25 
Three main effects weTe cc.1oable of introducino- an 
- <:> 
error into the reading _of the thermocouples. The first 
effect was the heat conduction effect which is discussed in 
the chapter titled Discussion. The second effect was the 
influence of the alternating current on the thermo~ouple-
wire reading in the presence of the induction coil. This 
current caused considerable fluctuations of the dial of the 
tempera turQ recorder in the range of !. 30 Deg. F. Tb.e a. c. 
effect \\•as elimin2..ted by grounding the iron side of the 
thermocouple. The thi:!'.'d effect was the generation of heat 
in the thermocouple wires in the presence of the high 
frequency magnetic field. A qualitative information on 
this' effect was obtained by carrying out the following 
experiment: a thermocouple wire was embedded on · the··sur-
face. of a mild steel rod and another thermocouple of the 
same diameter was covered by a thick insulating material of 
glass wool. Both. thermocouples were placed in the center 
of a vertical induction coil and were covered by additional 
insulation material. The induction heate'!' 'l:·,as then operated 
and several temperature levels in a range from 100 to 900 
Deg. F were measured in the steel rod in therrnD .. l steady state. 
conditions. It was observed th.:1.t the thermocouple on the 
steel rod consistently indicated D. higher temperD.ture. than 
the temperature which was indicated by the thermocouple 
embedded in the insulnting material. 'This showed that the 
third effect did not change the recorded temperature of the 
rod.· 
Twelve thermocouple junctions w·ere embedded along 
the ·test section surface spaced 2.5 inches apart, starting 
1 inch from the u~:·stream end. The thermocouples were 
inserted into small cuts on the tube surface and were 
26 
cove2. .. ed by the lips of the cuts which were lightly hammered 
around.them. The test section was covered with a layer of 
glass tape. Following that·, the thermocouple wires were 
wrapped around the circumference of the. test section, and 
then an additional insulation material of glass wool was 
applied. Finally, the test section was covered with paper 
tape leaving seven small openings spaced 4 inches ~part, 
starting 5 inches from the upstream end. These small 
openings were used to obtain the insulation surface temp-
·ature by inserting a portable thermocouple wire. 
The thermocouple readings ':-.7ere recorded automatically 
by a Wheelco 8000 Series Potentiometer. 
B. Air Temperature Measurement 
The air flow temperature was measured at the inlet 
and the outlet of the test section by twenty-four gauge 
iron-constantan thermocouples embedded in the bottom of two 
thermocouple wells. A thermocouple well made of 3/16 inch 
copper tubing, 3 inches long, was inserted into a 3/8 inch 
black iron pipe plug. The thermocouple was inserted through 
a. ··1/a.>J~ch: _ h.9_le . dri~;~c:1 in.~J:_he P~:Ug., . and the junction was . 
silver-soldered into the.inner side of the free end of the 
tube, which was contemporaneously shut. 
The outlet temperature of the flow was also measured 
with'two Broth.com merc-µry thermometers. One thermometer 
was placed in the top wall of the mixing chamber and lm·1ered 
to a depth where it indicated the temperature of the air 
flow at a distance of 2 inches from the outlet of the test 
section and at the. same. level of. the test section. '11he 
second thermometer was ple..ced ·in the vent at the mixing 
chamber outlet. It was observed that in a steady stnte 
condition, the temperature indicated by ·the thermocouple 
inserted in the mixing chamber wns the same as the tempera-
l-ure indicated by the thermoII\eter placed in.the mixing 
chamber, whereas the temperature indicated by the thermo-
meter placed in the vent was 5 to 15 Deg.Flower than the 
other two. The interesting fact is that the thermometer 
·placed in the mixing chamber wall reached the stec..dy state 
temperature in 5 to 15 minutes after introducing a change 
in the flow or heat supply, whereas the thermocouple placed 
in the mixing chamber reached.the same steady sta~e tempera-
ture only after 1~ to 80- minute·s. trhe dJfference in response 
time was probably ccused by the high heat capacity of the 
outlet mixing chamber. 
The air flow temperatures in the supply line and in 
the cold tube were measured with mercury thermometers. 
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All the components of the test unit, including the 
pressure gc1.1!-gcs, valves No. 1 and 4, were covered by insula-
tion mate.ri.:11 made from glass wool and a~_best?s wool, 1.5 
inches in thickness. The thermocouples were covered by 
gle.ss wool along the first two feet m·JaY from the junctions, 
in or~er.to minimize convection and conduction errors.· 1'he 
thermometers were calibrated in the steam chamber. r.rhe 
ma::dmum relative deviation among the thermometers was found 
to be 1 .. 5 Deg. F. The standard error of the_ temperature . 
Recorder is .:!:.. 4 °F ,. equivalent to + 0.27% of the full scale 
range.!. 
C" Pressure Measurements 
All pressure gauges ".'-le.re calibra.ted three times 
during the 200 runs and changes in pressure indication were 
observed. For each gauge, thre~ calibration lines were ob-
tained. 'rhe pressure .gauge~ were used .to measure : only the 
static pressures along the flow of air in .the Air Supply 
System and in the Test Unit. · 
D. Flo·w Measuremcn ts 
Two flmvrnetering devices ,;·1ere used in the experimental 
appar2.tus: 
a. A square edge orifice plate ·with pressure connection made 
in the flangeso The flmvmeter was manufactured by the 
Daniel Orifice Fitting Company~ A stainless steel orifice 
plate, of an average inside diameter of • 7L~2 inc.h, was 
installed in a steel pipe of a diameter of 1 inch. This 
orifice plate was used for the total air flow measurements. 
in the supply line. 
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b. A sharp edge orifice plate discharges air to atmospheric 
pressure. The orifice is .mounted on a barrel. 
The stainless steel orifice ·was calibrated by compar-
ing it 2gainst other flmvmetering devices which possesed 
knovm flow characteristics. One reference flowmetering device 
was a Meriam Orifice Plate. The other reference flowmeter 
was a standard flow nozzle. 
'i"1he Daniel Orifice was installed in each of the pipe 
lines which had a reference flovnnetering device, and air 
flow was introduce,d into the pipe line. The i.lnknm·m dis-
charge c~efficient was obtained by averaging the results of 
220 runs. The maximum deviation of any discharge coefficient 
from the avero.ged discharge coefficient was 3%. 
As a final check of the accuracy of the new discharge 
coefficient, . obtained for the Daniel Orifice plate, the 
Fliegner's formula was .-used: 
I I 
1 
W To-;r = 5-2 . .:, 
(1) 
The results of this check indicated ~xinium error of~ 2% 
related to the calculated flow through the Daniel Orifice 
plate. 
The flow rate formula for the barrel orifice was · 
determined by ca~rying out an experiment of 11 .runs when 
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air flowed through the Daniel Orifice plate to the barrel 
orifice through the vortex generator. The ma.~im~m relative 
error in the flow rate calculation by the barrel orifice com-
pared to the showing by the Daniel Orifice when both passed 
the air in series, was found to be .:t.· 2% • 
.. Water manometers were used for the differential pres-
sure measurements. The subdivisions on the scales were of 
0.1 inch water. 
E • . Power Supply Measurements 
Voltmeter, ammeter, wattmeter and ve.rmeter are avail-
able with the induction heater unit. However, it was imposs-
ible to evaluate accurately the electrical energy in-put to 
the test section as a result of the high subdivisions on the 
meters' scales: 
a~ Voltmeter subdivision ,;,1as 5% in a 100% scale which is 
equivalent to 400 volts. 
b. Ammeter subdivision was 5% in a 100% scale which is 
equivalent to 75 amperes. 
il 
c. Wattmeter subdivision was 5% in a 100% scale which is 
equi~alent to 30 KW. 
d. Varmeter subdivision was 25% in a- 100% scale which is 
equivalent to 30 kvars •. 
It was impossible to read the wattmeter with an accuracy 
better than !.-1/2%, which in the heat calculation is in the 
order of ±_ 500 BTU/hour. The highest heat rate in the ex-
periments was in the order of 4000 BTU/hour, for which the 
above·mentioned deviation, when heat balance is calculated, 
is about.:!:, 12.5%. The wattmeter indicated zero watts when 
low h~,b.ting rates were used; in spite o~ the fact that the 
ammeter and. the voltmeter were still readable, no use was 
made 0£ these readings inas~uch as the power factor could not 
be ,computed, because the varmeter could.not be read with 
sufficient accuracy •. 
9. Test Procedure 
The ;eollowing standD.rd procedure was used in o'!:>taining 
the data in the various types of flow of the heat transfer 
experiments: 
A. The flow rate of air was ndjusted to the desired value. 
B. The power input was adjusted to ·give appro~mately the 
desired tube wall temperature. 
Ste~dy state conditions were reached after 10 - 60 minutes. 
After this equilibrium condition was maintained for 5 to 10 
minutes, the.following readings were recorded: 
t 
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A. Volts, amperes, watts and vars, in percents. 
B. Differential pressures in flowmetering devices: 
a. Supply line orifice plate hl (inches water) 
b. Barrel orifice plate h (inches water) 
c 
c. Mercury thermometer in the air supply line: 
a. Before it enters the liquid 
separating unit t• (Deg. F) 
1 
-
b. At the supply line orifice plate t (Deg. F) 
1 
D. Mercury thermometers in the test unit: 
a. Bar:-el orifice plate t' (Deg. F) 
c 
b. Cold tube t (Deg. F) 
c 
c. Outlet mixing chamber 
-
in the box tt . (Deg. F) ot 
d. Outlet mixing chamber 
-
in the vent 
-
t I I 
ot (Deg. F) 
E. Room temperature: 
a. 2 feet above the floor t 
re 
· (Deg. F) 
b. 10 feet above the floor trh (Deg·. F) 
F. Dry and wet bulb temperature obtained with a sling 
psychrometer. 
G. Pressures: 
n.. Air supply line orifice plate p' 1 (psig) 
b. Vorte~ generator inlet pl (psig) 
c. Inlet to the test section 
_P2 · (psig) 
d. Outlet of the test section P .. (psig) 
J 
e. Outlet mixing chamber P4 (psig) 
f. Outlet cold tube in mi~{ing chamber No. 2 Pc (psig) 
g. Outlet cold tube in mixing chamber No. 1 P' 
c 
(psig) 
h. Barometric pressure Inches mercury 
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The different rctes of fim,1 through the test section 
W£.re accomplished by several methods, depending Oll the type 
of flow under in--;_restigation: 
A. Linear turbulent flow: Valves No. 1 and 3 were closed. 
Valve No. 4 ,;-ms widely opened. Valve No. 2 was adjusted · to 
achieve the desired increment in the flow rate. 
B. Vortex uniflow: Valves No. 1 and 2 were closed. Valve 
No. 3 was adjusted to maintain a certain inlet pressure to 
the vortex generator. Valve ·No. 4 was adjusted to achieve 
different increments in the rate of flow. The foregoing 
procedure Has repeated at several inlet pressures Pi. 
c. Vortex counterflow: Valve No. 2 was closed.· Valve 
No.!. was widely opened. Valve -No. 3 was so adjusted as 
to maintain a certain inlet pressui"'e to the vortex generator. 
Valve No-:. 4 was so adjusted as to obtain the inc'!'e.ments in 
the rate -of flow. T~e foregoing procedure was repeated at 
several_ inle~ pressures P1. 
D. Mixed vortex-turbulent flow: Valve No. 4 ·was 'Hidely 
opened. Val~e No. 3 was so adjusted as to achieve a 
certain inlet pressure P1 to the vortex generator. Valve 
No. 2 ,;-,as so D..djusted ·as to achieve the desired increment 
in the flm,1 rate. The procedure · ·was repeated at several 
inlet pressures P1 to the vortex ·generator. · 
The foregoing procedures ·were repeated at several 
inputs of power tc the induction coil. 
NOTATION 
Symbol Description 







Surf~ce area of heat flow 
Nozzle cross section area 
(hp B/kp 1 a)2 
Im.rt1e rs ion in fluid 
Specific heat of air in 
constant pressure 
Test section insulation diameter 
Diameter 
Mass velocity 
Surface coefficient of heat 
transfer, tube wall to air flow 
Surface coefficient of heat 
transfer, air flow to pyrometer . 















sq. ft. F 
sq. ft. F 
transfer, pyrometer to environment B'.I'U/hr. sq. ft. F 
k Thermal conductivity BTU/ hr .. ft. F 
L Length of test section ft. 
p Pressure lb/sq. ft. 
Q Heat transfe:::' rc1.te B'ill/hr. 
Q/A Heat flux BTU/hr. sq. ft. 
r Radius ft. 
t 'femperature F 
T Total temperature R 
Toin Calculated inlet stagnation 
temperature R 
Symbol Description 
v Average velocity 
Hented volume of test section 






Mass flow rntc of air 
1:--Iusse.lt number h .. D/k 
Prandtl number Cp)A./k 





b = aw . aveT'age adiabatic wall 
bulk average bulk state 
c cold flow 
e environmcn·t 
h hot flow 
1 supply line to 
vortex generator 
in inlet air 
ot outlet air 
ins insulation 
iw inside wall of test 
section 




















A. ~iean 'fempe--:"atu!.-e Of The Air Flow 
Temperature correction for.conduction can be C3.lcu-
ln t:cd by a f m'.'mula taken from McAdams (20). 
(2) 
The formula was used when calculations ~·7c!'e made in order 
to cstimnte errors in the reading of the mercury thermometer 
wh~_ch was inserted :Ln the m5-xing chamber. 'rhe error in the 
rcc'.d i. ng was found negligible. 
Another fm'.'mula was used to calculate the conduction 
error of the thermocouple reading which was inserted with a 
cop~er well and iron plug to the mixing ch;;.mbe'!." as was 
described befm.-e. The outside HaJl temper~turc in the 
mixing ch::1mber wn:-.; checked by using a portable thermocouple 
which w:is connected to the auto!!latic temperature recorder 
and it was found in all runs thatt 
th - tw = 5 -:to 20 Deg. F 
This difference is true for the inside wall teraperature 
-because the heat losses fro~ the mixing ~harnber are very 
small and the thermal conrluctivity_ of the aluminum is high. 
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The correction clue to he~~t conduction from the. copper ~\Tell 
to the wall of ·the mixing chamber was cc~lculated by using 
the for:nula given by Rohsenow (28). 
(3) 
The er:-or clue to conduction ·was found to be less than 
1 Deg. F. 
The temperature cor~ections for velocities ·were com-
ptited for the mixing chambers in the inlet and the outlet of 
the test section. The corrections were ~ound to be ne?ligi~le. 
Therefo~e, the temperatures measured in the inlet and the out-
let mix~ng chamber.s ·were the st2.gnation temperuture. 'l'he 
adiabatic ·wall temperature, Taw' ·was calcul2.ted f.or the inlet 
and the. outlet of the test section a~suming recovery factor 
of • 9, accordi.ng to Shapiro (25). 'i"'h~ diff ere.nee beb·~een the. 
stagnation and the ad:Lal:?ntic wall temperature ·we.s found to 
range be.twe.eR 1 to 3 Deg. F. Therefore, substituting T0 for 
Taw will cause a small error in calculation of the heat 
transfer coefficient. 
The mean adiabe:tic '\·1all temperature was defined as: 
Tb = (Ta-';·1)ot + (Taw)in 
2 = 




The flow temperature changes at the wall are. assumed to 
be linear with respect to the x axis. This assumption is 
capable of introducing a certain error into the calculation 
of he.at transfer coefficients. Only a few studies were 
published on the subject of evaluating the flow temperature 
when large wall-fluid temperature differences exist. Scesa 
and Levy (29), Tribus and Klein (30) published theoretical 
and experimental studies on the subject of heat transfer from 
. . 
nonisotherrnic surfaces and offered solutions to the problem 
of evaluating the true mean temperature of the flowing 
fluid. A simplified approach to the problem can be found 
in Boelter, et al (31). 
B. Mean Inside Wall Temperature 
The conduction error of a thermocouple. reading was 
approximated using the solution given by Jakob (22) 
(5) 
Tb.is solution -:,,as derived for n vertical plane surface 
which ·was perfectly insulated against heat losses except r~t 
one small circle. of diameter 2rp from which a long wire of 
the same diameter extended into the air in a direction 
perpendicular to the plane surface. The greatest ·error was 
found to be + 5 Deg. F. However, the thermocouple 1:·6_res 
-were led around the test section an.d ,;-1ere insulr'. ted along 
the first 2 feet. Therefore, the. conduction error was 
assumed to be negligi~le. 
The temperature drop through the test section wall 
was calculated from the heat conduction equation through 
a cylindrical wall with uniform internal heat generation 
and no heat loss through the outside wall: 
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(6) 
This equation was used by Gambill and Greene (5). The 
volume of the heated material is based on the actual 
dimension of the test secti_on as was de,scribed bef(?re. The 
calculations according to equation (6) sho~ed that the 
temperature drop through the test section w:all_was 
negligible. 
The average outside-wall temperature T0 w was ob-
tained by measuring the area under the a~ial-temperature-
distribution curve such as those in Figure 12 and dividing 
it by the test section length. 'I'h.en T0 w was corrected to 
Tiw• 
c. Film Heat Transfer Coefficients In Linear Turbulent Flm·1 
= W cp[<To)ot - (To)in] 
· A(Tiw-Tb) 
(7) 
The average heat transfer coefficient ha was calculated from 
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by relation (4). The average heat trans£er coefficients 
are correlated with other variables in the conventional 
Inc..nner. 
Nusselt number divided by Prandtl number to the ·o~4 
pm·:1er (Nu)b/(Pr)g. 4 is plotted against Reynolds number (Re)b• 
The subscript b indica1:es that the properties of the air 
\-..,ere evaluated at the average adiabatic wall temperature Tb• 
D. Film Heat Transfer Coefficients .In ·The, vortex Uniflow 
A series of experiments on the vortex uniflow without 
using the induct{on heater showed that the outside wall-
surface temperar...ire distribution was constant in the level 
cf the inlet ~tagnation temperature of the flow. The aver~ 
nge heat trrmsfer coefficient ha, was calculated according 
to equation (7) whe1."'e Th was defined by relation (4). 
An attempt was made to evaluate the dimensionless 
groups, Nusselt, Prandtl and Reynolds numbers for the vorte,, 
~niflo~, and to correlate them in the conventional manner. 
Reynol'ds .. number Wll.S-. <!efined ': 
(8) 
where the subscript b indicates that, the properties of the 
air were evaluated aj: the ave.rage adiabatic wall temper:.::.ture 
Tb and Vxrepresents the axial velocity of tpe air in the 
vortex tube. Nusselt and Prandtl numbers were defined as: 




wher~ ha, the film heat trgnsfer coefficient from the wall 
to the air, 't·ms obtained experimentally. 
E. Fi.lm Heat Transfer Coefficients In The Mixed Vortex-
Linear Turbulent Flow 
Reynolds, Nusselt and Prandtl numberG were calculated 
according to the definitions (4), (8) and (9). 
F. Film Heat Transfer Coefficient In Other 'fypes Of Flow 
The time limit of this study permitted only a few 
samples of other types of flow to be calculated. 
The vortex oounterflow·was examined experimentally, 
with and without introducing the induction heater. The cold 
experi2.ents covered a range of inlet pr·essure to the vortex 
genei""ator from 10 to 95 psig. One set _of experiments, when 
the inlet pre~sure of 70 psig kept constant is reported in 
_Table Number 10; Figure Number 13 shows t~e typica.1 results 
which ·were obtained by other investigators. The energy 
balance in the cold experim~nts performed re~sonably and 
indicated-good accuracy of the instrumentation used here. 
The outside surface temperature indicated a higher tempera-





I I i 
... ·. -i--·-. .. i . . -~ ~- . ···: 
1 !;• f I 
i : :· . .' ... }:- .1 .1.· ... , 
•• I . 
I, 
.. 
i I ~ • • i\ 





--- ·- .. ! _ ... ___ ·-·-. --· ______ r ··- · ·--·-· -- - ...... .. i · __ ..· __ . .L: . ---~ --- : ___ · .... -~ 
I . I 
i 

















. ··-· •··. i 
l ' 
. I 
I l . : 





' · ~ ~ .. . 











... . . -- ~ ··-
..: ---·+ ---·:·····- l···--.. ... . . 
' .. 1 :: ! 
. !- . 
. ! 





. j ...... : . : -










·-·--- - -- ... ...... t' ... . 
,j 
l" 









' -· ,. 
. !. 
.1 .2 . 
. ·- .. { ..... . ...... . 
. .) : .. : .. 
I· 
I . 
. 4 ~- . . ~: - •. 6 • -7 .• 8 
• . · 1· t 
>--·-;···· flew ·or co1f'!ir 
1 .... . : · 'rotal Fl.ow t . , 
'. : . .: . L..' . --~ - · --· '. . 
• I I 
.9 I .i 
l 
: FI9U~ ~3. · .. ; :.: .. _ : . 
-· ... , ·-.. .. . · __ · ____ -----~L ... __ ··_ ... · ~-· ... ; · .. J: .. -: _·__ -- . --- .. ··-·· -. ---. ---.... -----! -· ·· ·--~··· · ... J 
r: --~of1:d Jt T~m1~~~-i~ t:£?.~=t~?.. l ..... ; 'i' , J 
'i 
. , i .. ·, 
. '. ' . . ~: '. .. : . 
I • l • •, ' • i , ' , ' ' . ! ' ' I j ' ' • 1 "~- .·f '! ~ • t 
• I I I : I. ·,. j l ) .·. . j .. 
• : • . . . ( ·.: '. • ···c• .... ·. • . LL .. . , , ... ; . i ""'; :· 
t l O : I ! 0 ."! j • • I > , • 
L · . .-,·· .... . · .--~· .:..... .. ': . ::·:: .. -·· -·-·····: : .  -..... :·i ~- ... · . • 1 ·._ · ·-. __ .1_., __ , · _ _ 
44 
recorded in· the outlet mixing ch_anbc'.i:". The effect is the 
result of .the Ranque-Hilsch Pheri.omenon as was described 
before. 
The heat transfer calculations fo?:" the vortex counter-
flm,1 Here ffiO!'C Cbmplicated th.at those for the VOrte::r uniflow 
because in the vortex counterflow the Ranque-Hilsch effect 
had to be considered. The first step was to calcula·i:e the 
ne't·l inlet s·tagnation temperature of the £low in the test 
section. K..11.owing the rate of flm·1 in the cold tube. We, 
its nc't-1 sta.gnatio~ te:.!lpern:;:ure T0 c, the _rate of flow .into the 
test unit W1 and its stcgnation temperature T0 1~ one can 
calculate the additional thermal energy bQh, transferred to 
the hot flow: 
(10) 
The nc't·.! inle·t stagnation temperature rfoin of the. flow in the 
test section ·was found from the following relation: 
-, .i c ('i1f • 
:.h p -'-o:tn 
(11) 
~nvestigators of the Ranque 'Tube i;-eported in their studies 
thnt the t~ngential · velocity of the flowing air in . the inner 
periphery of the tube was found to be in the subsonic · range. 
Consequently, substitution of adiabatic wall temperature for 
the sta~nntion tcmpe.rnture in the entrance to the test section 
did not cause a considerable error and therefore, the 
45 
calculation f o:::" the film he.at transfer coefficients follm·te.d 
the definitions (4), (8) and (9) as ~iven before. 
'£he vo'.::"te::: uniflow th~"ough a one-nozzle vorte:::: genera-
tor f-'.nd c:. linear tu~bulent flow without using the orifice 
plate. ·we?:"e analyzed e}cperim.entally and the results we~ce shot·m 
in Tables Number 7 and 8. 
2. Discussion Of Results 
A. Energy Balance In The Heat Transfer Experiments 
Several factors in evaluation of energy balance ,;·1ere 
computed. 
Convec.,cicn losses from the tube ·were calcul, ..ted by 
the use of ·the formula rccom..T!l.ended by Ne.A.dams (20): 
h . = o.21r A tins 





The heat losses by convection were found to be in the order 
of 30 to 50 B11U/hr. 
The heat ·w·asted on the c,raporation of ·the oil ,;·rhich 
existed in the-inco~-..ing air was·approximated to be in the 
order of. 30 BTU/hr. 
The relative hum:Ld5.ty of the air in the room ranged 
from 14 to 18 pe~·cent during the time the e,::periment:s were m~de. 
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The liquid separ2tor in the air supply line did not separate 
any wn.ter from the air because of the. low relative humidity 
of the air in process and the. high temperature in the separa-
tor. As a result, the test unit received an amount of .00276 
pound water in each pound of dry air. The amount of water 
vapor in the inc".)ming air was too small to cause a reasonable 
error in the evaluation of the specific weight of the air. 
A reasonable error in heat balance evaluation might be 
caused by condensation and ice formation in the cold tube 
whe.n a vortex flow was experimen"t:B.:]. This error could reach 
a maximum of 3 BTU/lb.Air. 
Unfortunately, no energy balance could be made since 
the induction heater output was unreadable as was explained 
in the section of Instrumentation. Moreover, the cooling 
water of the induction heater introduced more complications 
in the calculation of energy balance. This cooling water 
flowed with a rate of 535 gal/hr. A temperature difference 
of 1/2 Deg. F between the inlet and the outlet of the cooling 
system indicated that the cooling water absorbed 2000 BTIJ/hr. 
from the induction heater. Unknown amounts of heat extraction 
of this order might cause undesirable errors in the heat 
balance computation in the set of e.xperiments · where air flow 
absorbed heat in a range of 300 to 4000 BTU/hr. 
B. Linear Turbulent Flow With An Orifice Plate In The Vortex 
Generator 
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The usually accepted correlation of the dcta of the 
different observers is given by the equation by- McAdams (20) 
(13) 
where the subscript bulk indicates that the properties of 
the air were evaluated in the bulk temperature of the flow. 
In this thesis !'. h· ,''. indicates that the properties of the air 
were evalu2ted. at the average adiabatic wall temperature. 
'l'he correlation ·with the data collected in this experiment 
is shown in Figure 14. 
Davies and Al-Arabi (32) published an experimental 
study on heat transfer between tubes and a fluid flowing 
through them with varying degrees of turbulence due to 
entrance conditions. It was re.ported in this work that 
the inlet-end thermal effect exists along L = 14D when 
orifice plate d 0 /D = 1/2 to 2/3 was used in the entrance. 
In the present study the distance betw·een the test section 
inlet and the orifice plate is lOD, therefore, an attempt 
was made to correlate the results with the equation found 
by Davies and ~~-Arabi (32) 
(Nu)bulk = .0178 (Re)b~lk (Pr)b~lk 
(14) 
where bulk indicates the bulk condition. 
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An experimental study of Humble, et al (33) on the 
heat transfer coefficients for air flowing in a tube at 
high s1.:.rface temperature, resulted in several correlated 
curves at different surface to fluid temperatures. The 
influence of Tw/Tbulk on the Nusselt number existed when the 
properties of the air flow were obtained at the bulk, 
surface on the film; however, when a modified Reynolds 
number we..s used, the influence of Tw/Tbulk on the Nusselt 
number did not exist. A modified Reynolds number was used 
in the present study according to the following relation: 
(Re)w = Jw Vb D 
fw 
/w 
Jb =~_b~ f b /w Tw 
(15) 
The results are shown in Figure 15 when the following 
definitions were.used in calculations: 
(16) 
The power of Prandtl number was chosen as 0.4. Figure 15 
shows a better correlation with formula (13). 
c. Vortex Uniflow, Linear Turbulent And ~ixed Flows 
In the vortex tube, three velocity components must 
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dependence of these components on the independent variables 
of the vortex tube is still under investigation. In spite 
of the complexity of the fl~w in the vortex field, an 
attempt was made in the present study to correlate. the heat 
transfer data with the equation (13). For this purpose 
Reynolds number in the vortex flow was related to the a.."<:ial 
velocity which existed when the same mass flowed linearly 
in the tube. The tube diameter was chosen as the length. 
parameter in Reynolds and Nusselt number$. The air pro- · 
perties were evaluated at the mean· adiabatic wall tempera-
ture. The power of Prandtl · number was taken as 0.4 (20). · 
The results of the heat transfer experiments using a 
vortex uniflow are grouped in 'rable 2 and shown in Figure. 
16. The majority of the e,:perimental values found lie 40 
to 65 percent above the linear flow values at the same 
axial Reynolds numbers. This is in the range of increase 
found by Krcith (2), (3) and Kreith and Margolis (4). 
There is more scatter in the vortex results than in the 
linear flow .results, probably due to an .inability to 
evaluate. the effect of certain independent vnriables which 
_influence. _ the .heat transfer _mechanism _in the vortex . tube.. 
However, _th~ ·r~sults .qbtained in· Figure 16 were .analyzed 
from other points 'of view in Figures 17, 18 and 19. 
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The rni_xe.d flow of a vortex and a linear flow was 
introduced in order to shm·:r consistency of results. '!'he 
mixed vortex-line.or turbulent flow was found to lie between 
two boundary cases - the vortex uniflow and the linear 
turbulent flow in respect to the heat transfer results.' 
A mixed flow was examined when the vortex flow supply 
was held conste.nt and the linear turbulent supply was 
gradually increased. The heat transfer data obtained from 
this run is shown in Figure 16 and Tables 3 and 4. It can 
be seen in Figure 16 that a higher ratio of vortex to linear 
turbulent in the mixed flow approached the boundary line 
represented by Nusselt number found in a vortex uniflow 
experiment. The same phenomenon existed but in the opposite 
direction where the linear turbulent flow results produced 
the lower limit for the Nusselt number of the mixed flow. 
Another attempt to analyze the experimental results was 
made with the aid of Figures 17 and 18. 
· The variation of the heat flux with wall to 
adiabatic wall temperature difference is shown in_Figure 
1!7. Vortex uniflow, linear turbulent flow and mixed 
vortex-turbulent .flow were established under three constant 
electrical eneriY inputs ~nd with three constant rates of 
·flow through the:.-tes.t _ section. The · results shown in Figure 
I ' • • • ; :· • • ~ , •: ' .· , 
:t-7 indicate.fl· a defi:nite :iri:cre.ase in -.the heat flux for .vort~;,c .- -
-~-:-,..-- :·. ;~<> :- .~~.; 4~ ~ -.. ~ · .. _,;-. 1 · -~· ·~,·:-.:··~.\ ·~·~:t: },;~ ·~:--~ ...i~ :.ir\r ~ ,.,; :. -~·~ ~.:. .. ~~ .... ~· ,· ·-:-· , • o " --~ . · · ~· · I' 
uniflow over that for a linear flow at the same temperature 
d_iffez·ence anc;l m~ss .. ra~e of flowo The results plotted in 
Figu:."e 17 lie on straight lines which approach zero. flux 
when extrapolate~ to zero temperature difference. This 
fact was used to examine the degree of.agreement of the 
experimental results. 
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The variation of the wall to adiabatic wall tempera-
ture difference with the rate of flow is ·shown in Figure 
18. The results indicated a definite decrease in the wall 
to adiabatic wall temperature difference for vortex uniflow 
below that for linear flow at the same mass rate of flow 
and heat flux. The mixed flow performed between the vortex 
unifl6~\T and the turbulent flow as was observed ·when Figure 
16 was analyzed. The temperature difference approached the 
values indicated by the-vortex uniflow ·when the ratio of 
vortex to linear turbulent ·was increased, whereas it 
approached the values indicated by the linear turbulent 
flow when the ratio of vortex to linear turbulent was 
decreased. Another expected result was the constant ratio 
between the temperature difference indicated by the linear 
turbulent and that indicated by the vortex uniflow for the 
same rate of flow. Figure 16 showed approximately the same 
property by the indication of a constant ratio of theaver-
age Nusselt number of - the linear turbulent to that of the 
vortexuniflow. 
D. Variation In Flow Pattern 
A limited experimental work was programed in order 
to check the influence of several variables on the results 
obtained before. 
The orifice plate was removed from the vortex 
generator and the experimental results obtained for the 
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vortex uniflow sri_owed that the orifice plate did not affect 
the heat transfer process in the test section (Table 6). 
The experimental results obtained for a linear 
turbulent flow showed that the orifice plate did not affect 
the heat transfer proce~s in the test section.(Table 7). 
This result was expected because the distance between the. 
test section inlet and the location of the orifice plate is 
approximately equal to the critical thermal length (32). 
The results for the vortex uniflow when a one-nozzle 
generator was used are grouped in .Table 8. The results 
in?icated a reduction of 15 to 25 percent in Nusselt number. 
This result was expected because the vortex f~ow became less 
intensive •. 
The vortex counterflow was examined in a wide range 
of flow rates and a number of results are presente~ in 
'Table 9. Itwa~ observed that the majority of results lie 
. ' 
in the same range of Nusselt numbers as was found in the 
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vortex uniflow experiments. The temperature of the separated 
cold stream was measured during the heat transfer experiment 
and the results were plotted in Figure 13. These results 
indicate that it is possible for heat transfer from the 
test section wall to the separated cold stream of air. Tnis 
effect is important in evaluating the characteristics of the 
vortex tube and further investigations in this area are 
recommended. The above mentioned experimental results are 
shmm in Figure 19. 
E. General Evaluation And Recommendations 
The agreement between results obtained in the present 
study and those obtained by other observers, indicates that 
the methods and apparatus used performed within acceptable 
limits of accuracy. However, i~provement of results can 
be accomplished by the use of: 
a. A thin wall mixing chamber in the outlet of the test 
section. 
b. An oil filter in the air supply line. 
c. A suitable thenr.ocouple for measurement of temper-
atures in the induction heater cooling water. 
d. Suitable instruments on the induction .heater for 
controlling the power unit. 
Quantitative i~formation on the subject of _ heat 
tr~nsfer in a vortex tube can be achie,,ed by intensive study 
. 60 
of more variables, in the tube construction, and in the flow 
condition, while using several methods of observation. -
Several subjects and methods recommended for a future 
work concerning the present study are listed below. 
a. Repe~ting the· experimental work for a wide range of: 
1. Ratio of the test section length to its 
diameter L/D. 
2. Number of nozzles in the vortex generator. 
3. Degrees of roughness in the test section. 
4. Constant surface temperature. 
5. Inlet ·condition of the fluid. 
6. Fluids. 
b. Application of other methods of _heating the test 
section in order to experiment ·with constant flux 
or constant surface temperature. 
c. Application of the method of local evaluation of film 
heat transfer coefficients in order to eliminate the 
errors caused by abnonnal turbulence, end conduction 
and inlet-end thermal effect (32). 
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TABLE 1 - LINEAR TURBULENT FLOW 
Orifice · I.D. .20 Inch. 
Run tin (tot-tin) tb tw w Q/A 
_Deg. F Deg • . F Deg. F Deg. F lb/hr BTU 
hr.sq.ft. 
1 79 30 95 141 173 • .0 5740 
2 81 66 115 210 175.0 i2800 
3 80 32 96 144- 169.0 5960 
4 84 70 119 225 166.0 12800 
5 80 36 99 151 144.0 5710 
6 85 75 124 240 153.0 12700 
7 80 41 101 161 128.0 5780 
8 85 95 134 281 128.0 13400 
9 80 48 105 .173 109.0 5750 
10 86 117 ll~5 315 108.0 13900 
11 82 52 108 185 9.3.0 5320 
12 87 129 153 347 90.0 12800 
13 82 60 113 196 ao.o 5260 
14 82 70 118 213 68.0 5214 
15 82 102 136 265 45.0 5050 
16 83 153 164 321 30.0 5050 
17 85 88 132 224 . 29.0 2810 
18 85 100 138 254 20.5 2270 
19 85 90 133 240 14.5 1440 
... 
20 . 87 . 80 129 195 10.6 920 
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TABLE 1 - LINE..i\R TURBULENT FLOW (Continued) 
~un h (Re)b (Z)b . (Re)w (Z)w 
BTU 10-3 ' 10-·3 
hr.sq.ft. F 
1 125.0 161.0 280.0 137.0 260 
2 132.0 157.0 288.0 119.0 250 
3 · 122.0 156.0 274.0 134.0 253 
4 121.0 148.0 262.0 110.0 225 
5 108.0 132.0 242.0 112.0 222 
6 109.0 136.0 254.0 99.0 216 
7 95.0 118.0 212.0 93.0 193 
8 90.5 113.0 208.0 77.5 174 
9 85.0 100.0 189.0 81.Q 169 
10 82.0 92.0 171.0 60.5 138 
11 70.0 84.0 153.0 65.0 137 
12 65.0 77.0 147.0 48.0 116 
13 64.0 12.0 141.0 57.0 125 
14 55.0 60.0 120.0 42.0 97 
15 39.0 39.0 82.0 28.0 69 
16 32.0 25.0 64.5 17.0· 53 
17. 30.5 25.3 6L~.5 19.7 56 . 
18 19.5 18.0 38.0 13.0 32 
19 13.5 13.0 27.0 10~3 23 
20 13.9 9.3 28 • .5 7.7 26 
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T/\.BLE 2 - VORTEX UNIFLOW 
,No. of Nozzles . 4 . 
Nozzle I.D. . • 0635 Inch • . 
Orifice I.D. . .20 Inch • . 
Run tin <tot-t{ri) tb tw w Q/A 
Deg. F Deg. F Deg. F Deg. F lb/hr BTU 
hr.sq.ft. 
1 81 174 170· 315 54.0 10350 
2 81 177 170 315 53.9 10500 
3 81 178 170 315 53.0 10400 
4-a 82 181 180 327 53.0 10550 
5-b 83 187 170 321 49.7 10250 
6 83 204 185 332 40.0 9000 
7 83 203 185 321 29.8 6650 
10-b 83 84 125 198 70.0 6460 
11 83 176 171 311 58.7 11400 
12 83 203 185 356 48.0 10750 
13 83 95 131 199 3L~. 0 3580 
14 83 109 138 226 17.0 2040 
15 83 55 114 161 85.5 5850 
16 83 58 115 161 82.5 5850 
17 79 138 151 248 79.0 12000 
18 79 151 154 258 73.0 12170 
19 79 156 157 266 68.5 11800 
20 79 166 162 288 62.5 11500 
21 79 157 157 305 102.0 17620 
22 79 158 158 276 97.0 16900 
6l1-
TABLE 2 - VOE(TEJ{ lJ1\f IFLO:-J (Continued) 
Run t. in (tot-tin) tb tw w Q/A 
Deg. F Deg. F Deg. F Deg. F lb/hr BTU 
hr.sq.ft. 
23 79 161 159 278 95.0 :6900 
24 79 167 162 287 90.0 16500 
25 79 171 164 293 87&0 16000 
26 83 97 1 7 4 218 111.0 11850 
27 83 99 133 21(: 110.0 12000 
28 84 100 134 219 109.0 12000 
29 84 lOl1- 136 221 107.0 12250 
30 84 109 139 222 102.0 12250 
31 83 118 ll1-2 229 96.0 12500 
32 83 84, 125 184 27.8 2570 
33 83 84 125 178 20.8 1930 
34 85 112 ll1-l 219 13.0 1610 
35 83 80 123 175 37.0 3250 
36 83 82 124 177 25.0 2240 
37 83 91 128 203 16.0 1600 
38 85 112 141 239 lL1-.5 17850 
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TABLE 2 - VORTEX UNIFLOW; (Continued) ·· 
Run h (Re)b (Z)b 
BTU 
hr.sq.ft. F (10- 3 ) 
1 71.5 45.5 145 
· .... 
2 72.5 45.3 145 
3 71.6 44.5 143 
4-a 72.0 · li-4.0 143 
5-b 68.0 42.0 140 
6 61.0 33.0 124 
7 49.0 25.0 100 
10-b 90.0 62.0 195 
11 81.5 49.0 165 
12 63.0 40.0 125 
13 52.5 30.0 114 
14 23.2 15.0 49 
15 124.0 77.0 270 
16 124.0 74.0 270 
17 124.0 68.0 260 
18 117.0 62.5 242 
19 108.0 58.5 223 
20 91.5 53.0 187 
21 119.0 87.5 245 
22 142~0 •' 
. . 
83.0 290 
23 141.0 81.0 287 
24 · 132.0 76.0 268 
·25 .124.o 73~·5" 252 
. .;.·-·,· 
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TABLE 2 - VOR'rEX UNIFLOW (Continued) 
Run h (Re)b (Z)b 
BTU (10-3 ) hr.sq.ft. F 
26 141.0 97.0 298 
27 144.o 96.5 305 
28 140.0 96.0 296 
29 144.0 93.0 306 
30 147.0 89.0 309 
31 144.0 83.0 300 
32 43.5 25.0 94 
33 36.5 18.7 77 
34 21.0 11.3 44 
35 62.5 33.0 135 
36 42.3 22.0 90 
37 21.4 14.0 46 
38 18.2 11.5 · 38 
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TABLE 3 - 1'1IXED VORTEX-TURBULENT UNIFLOW 
Vortex Supply . 27 lb/hr . 
No. of Nozzles 4 
Nozzle I.D. .0635 Inch. 
Orifice I.D. . .20 Inch. . 
Run tin (tot-tin) tb tw 
Deg. F Deg. F Deg. F Deg. F 
1 84 120 138 224 
2 84 11). 136 230 
3 84 78 123 200 
4 84 66 117 197 
5 84 51 109 182 
6 84 47 108 184 
Run w Q/A h (Re)b (Z)b 
lb/hr ,BTU BTU 10-3 
hr.sq.ft. hr.sq.ft. F 
1 34.6 4560 53 30.0 111 
2 45.6 5650 60 39.S 128 
3 67.5 5780 75 59.5 164 
4 101.0 7350 92 90.0 200 
5 147.0 .·. a25o 113 .-133.0 251 
6 195. O· 10100 133 177.0 295 
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TABLE 4 - MIXED VORTEX-'fURBULENT FLOW 
Vortex Supply . 52 lb/hr . 
No. of Nozzles 4 
Nozzle I.D. . .0635 Inch. . 
Orifice I.D. . .20 Inch. . 
· Run tin <tot-tin) tb tw 
Deg. 'R Deg. F Deg. F Deg. F .... 
1 84 71 119 181 
2 84 68 118 185 
3 84 67 117 191 
4 84 47 107 167 
5 84 38 103 158 
6 84 71 119 220 
Run w Q/A h (Re)b (Z)b 
lb/hr BTU BTU 10-3 
, -,...t hr.sq.ft. F nr. sq .I • 
1 69 5420 87 61 188 
2 99 7430 111 88 242 
3 127 9350 126 114 276 
4 183 9450 158 166 350 · 
5 209 8750 159 191 356 
6 209 16400 163 191 352 
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TABLE· 5 
VORTEX UNIFLOW, LINEAR TURBULENT, ··AND MIXEP FLOWS 
UNDER CONSTANT ELECTRICAL ENERGY INPUTS · 
No. of Nozzles . 4 . 
Nozzle I.D. . • 0635 . Inch. . 
Orifice I.D. . .20 Inch. . 
tl . s1 · Deg • .J? . . 
Run w <tw-tb) Q/A h (Re)b (Z)b 
lb/hr Deg. F BTU BTU .10-3 
hr.sq.ft. hr.sq.ft. F 
TE ,.., 4 48.5 95. ·.3920 43.0 43 i93 
TE · ll . so.a 177 7440 .42.3 43 88 
TE 6-b 49.4 260 10820 42.2 · 43 88 
TE 5 65.1 76 ·4070 54.0 59 ·120 
TE 10 64.8 144 7660 .52.0 59 110 
TE 7 64.5 218 · 11~50 50.5 59 ·105 
TE 3 102.0 · 52 3920 75.0 94 . 168 
TE 9 102.0 103 7940 74·.s 92 162 
TE 8 ·103~0~ 156 12400 77.0 90 163 
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TABLE 5 
VORTEX UNIFLOW, LINEAR TURBULENT, AND MIXED FLOWS 
UNDER CONSTANT ELECTRICAL ENERGY INPUTS (Continued) 
Run w Ctw-tb) Q/A h (Re)b (Z)b 
lb/hr Deg. F BTU BTU 10-3 
hr.sq.ft. hr.sq.ft. F 
VET 4 48.4 60 3960 .68.5 43 148 
VET 11 50.0 117 7380 65.5 43 136 
VET 6 49.5 169 11100 68.0 43 143 
VET 5 64.8 59 4660 77.5 59 171 
VET 10 64.8 101 7700 74.5 59 160 
VET 7 64.5 154 11700 74.0 59 151 
VET 3 102.0 39 3920 100.0 94 225 
VET 9 102.0 81 8160 101.0 91 219 
VET 8 103.0 117 12700 109.0 90 230 
VE 4 48.2 55 3960 74.5 43 161 
VE 11 ~ 50.0 104 7750 76.5 43 159 
VE 6 49.4 151 11100 75.6 43 158 
VE 5 64.5 46 4120 89.5 59 196 
VE 10 64.5 86 7670 89.0 59 188 
VE 7 64.2 131 11400 87.0 58 178 
VE 3 102.0 32 3920 75.0 94 270 
VE 9 102.0 63 8200 100.0 91 28.3 
VE· 8 102_.o 9~ 12100 120.0 89 279 
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TABLE 6 - VORTEX UN IF LOW 
No ( of Nozzles 4 
Nozzle I.D. .0635 Inch. 
No ·orifice Plate. 
Run tin <tot-tin) tb tw 
Deg. F Deg. F Deg. F Deg. F 
1 86 107 139 221 
2 86 101 136 217 
3 86 66 125 172 
'~ 86 78 125 189 
5 86 68 120 187 
Run w Q/A h (Re)b (Z)b 
lb/hr BTU BTU 10-3 
hr.-sq .ft. hr.sq.ft. F 
1 12.4 ll;-60 17.7 10.8 37.2 
2 13 .1 1460 18.0 11.5 38.0 
3 23.4 1840 39.0 20._7 84.0 
4 46.5 4000 62.3 41.2 134.0 




LINEAR TURBULENT FWW 
No Orifice Plate. 
,::- :... 
Run t . . in (t '.-t:.;.t. ) o in tb tw. 
Deg •. F Deg~ F Deg. p · Deg. F 
1 86 89 131 -236 
2 -86 66 119. 189 
3 86 67 123 218 
4· 86 74 119 224 
Run w Q/A h (Re)b (Z)b 
lb/hr BTU BTU 10..;.3 
hr.sq.ft. hr.sq.ft. F 
.. 
. 1 :·. 12.4 1215 11.6 10.9 24.6 
2 23 .• 4 1700 24.2 20.9 52.0 
3 46.5 3800 40.2 41.2. 86.5 
4 103.0 7630 12.5 · 92.0 157 .o . 
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TABLE 8 - VORTEX UNIFLOW 
No. of Nozzles . 1 . 
Nozzle I.D. .1285 Inch. 
Orifice I.D. . .20 Inch. . 
Run t. (t tt. ) ·t tw in o in. b 
Deg. F Deg. F Deg. F Deg. F 
1 86 75 123 · 188 
2 86 56 114 157 
3 86 73 122 183 
4 86 64 118 188 
Run w Q/A h (Re)b , (Z) b 
lb/hr BW BTU 10-3 
hr.sq.ft. hr.sq.ft. F 
1 15.0 1240 19 13.3 41 
2 23.7 1470 34 21.4 75 
3 47.5 3820 62 42.2 134 
4 105.0 7240 105 93.5 228 
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TABLE 9 
- VORTEX COUNTER-FLOW 
No. of Nozzles : 4 
Nozzle I.D. . • 0635 Inch • . 
Orifice ID. : .20 Inch·. 
Run tin tc th W1 wh tin 
De.g. F Deg. F Deg. F lb lb Deg. Ii' 
hr nr 
6-3-b 86 28 190 110.0 57.5 139 
3-2 80 30 188 86.0 61.0 100 
3-3 80 26 226 85.6 45.8 127 
1-1-a 82 80 155 52.7 52.7 82 
· 1-2-a 82 36 236 52.0 35.4 103 
1-Li-C 79 35 205 52.6 20.4 147 
1-5-c 79 40 258 52.0 16.0 167 
1-6-c 78 45 299 51.5 11.9 187 
Run tb tw Q/A h (Re)b (Z)b 
De.g. F Deg. F lb lb 10-3 
hr. sq.ft. hr.sq.ft. F 
6-3-b 165 205 3210 80.0 48.6 142 
3-2 144 209 5860 90.5 52.6 189 
3-3 177 253 5000 66.0 38.2 132 
1-1-a 118 171 4250 80.0 48.3 175 
1-2-a 170 256 5150 60.0 31.3 124 
1-A-c 176 206 1250 41.5 17.0 83 
1-5-c 212 266 1650 30.5 12.8 59 
-l-6~c 243. 309 .1470 21.2 9.6 39 
TABLE 10 
A TYPICAL SEPARATION OF ENERGY IN 
A VORTEX COUNTER-FLOW 
No. of Nozzles : 4 
Nozzle I.D. .0635 Inch. 
Orifice I.D. : .20 Inch. 
Inlet Pressure : 84.1 Psia 
::!Jtlbient Pressure : 14.1 Psia 















tin tc th W1 WC 
/h tri" Deg. F Deg. F Deg. F lb r 






























































14 77 77 79.3 1.000 .612 
75 
III · · CONCLUSIONS 
A. The inside surface heat transfer co.efficients_ in .·the 
turbulent vortex uniflow used in the presen_t _study indicate 
an increase from 30 tc, 65 percent ove~. those ·obtained in a 
linear turbulent flow for the same rate .of -flow .as was shmm 
in Figure 20. 
B~ · The conventional method ,of correlating heat transfer 
. .·. ·.- .• J . data was applicable in the _present study of heat transfer . . in· 
. . . ;. 
the vortex flow. 
c. The good agreement of the results obtain_ed in this 
study, along with those obtained by other observerf, 
indicates that the apparatus and methods used in this 















~ i ' 
. : i 
.5 5 8 9 
BIBLIOGRAPHY 
1. Colburn, A. P. and W. J. King (1931) Relationship 
between heat transfer and ,pressure drop. 
Ind. Eng. Chem., Vol 23, p. 919-923 
2. I<reith, F. (1953) Heat transfer in curved flow channels. 
Heat Transfer and Fluid Mechanics 
·rnstitute, Stanford University Press, 
p. 111-122 
3. I<reith, F. (1955) The influence of curvature on heat 
transfer to incompressible fluids. 
Transactions of A.S.N.E., Vol 77, 
p. 1247-1256 
4. Kreith, F. and D. Margolis (1958) Heat transfer and 
friction in swirling turbulent flow. 
Heat Transfer -and Fluid Mechanics 
Institute, Stanford University Press, 
p. 126-142 
5. Gambill, W.R. and N. D. Greene (Oct. 1958) Boiling 
. . 
burnout :with water in ,vort'<bc flow. · Chem. 
Eng. Pre>g., yol 54, p.· 68~76 
6.; .. · Flf!tni·n~_, >J' •. D,/.-'. ~#~/'~r- .. :}/ •. g~~b'-)l ·~:?~Bi~' ·: )i~_af·'.:~tin·:it}t 
_:_fr~ll\i:&htl}jJbf {/I{tt~ . ia1:e;?it ·:_s~~ti@\f 
flow. American Institute of Chemical 
Eng{neers, Forty-second national meeting, 
79 
7. - Schmidt, E. R. (1959) Linear and vortex flow heat 
transfer coefficients. School of Mines 
and Metallurgy, University of Missouri~ 
M.Sc. Thesis, 45 p. 
8. Hilsch, R. (1947) The use of the expansion of gases in 
a cent:r,ifugal field as a cooling process. 
Rev. of Sci. Instr., Vol 18, p. 108-113 
9. Webster, D.S. (1950) An ·analysis of the Hilsch Vortex 
Tube. Refrigerating Engineering, Vol 58, 
p. 163-171 
10 Fulton, C. D. (1950) Ranque's Tube. Refrigerating 
Engineering, Vol 58, p. 473-479 
11. l·lenig, H. (1952) The Ranque-Hilsch effect in a vortex 
tube. New York Universi ty, _ Eng. Sc.D. 
Thesis 
. 
12. MacGee, R. (1950) The Vortex Tube. Boston University. 
M. Sc • r.rhes is 
13. Hartnett, J.P. and E. R. G. Eckert (1957) ·Experimental 
study of -the velocity and temperature 
distribution in a high-velocity vortex-
type flow. Transactions of A.S.M.E., 
Vol 79, p. 751-758 
14. Scheller, W. A. and G. N. Brown (1957) The Ranque-Hilsch 
vortex tube. Ind. and Eng. Chem., Vol 49 
p. 1013-1016 
80 
15. Lay J.E. (1959) An experimental and analytic2l study 
of vortex-flow temperature separation 
by superposition of spiral and a..."Cial flm·1s. 
Transactions of the A.S.M.E., Vol 81, series 
C, No. 3, p. 202-222 
16. Deissler, R. G. and M. Perlmutter (1958) An·analysis of 
the energy separation in laminar and 
turbulent compressible vortex flows. 
Heat Transfer and Fluid Mechanics 
Institute, Stanford University Press, 
p. l~0-53 
17. Yeh, H. (1958) Bound2.ry layer along annular walls in a 
swirling; flow. Tran·sactions of the A.S.M.E., 
Vol 80, p. 767-776 
18. Eskinazi, S. and H. Yeh (1956) Ari investigation on fully 
developed turbulent .flows in a curved 
channel. Jornal of the aeronautical 
sciences, Vol 23, p. 23-24, p. 75 
19. Talbot, L. (1954) Laminar swirling pipe flow. ,:Journal 
of Applied Mechanics, Vol 76, p. 1-7 
20. McAd~ms, W. H. · (1954) · Heat Transmission. -,~rd .ed., 
l-1cGrm-J'-Hill Bool< Inc.·, . New Y6°fk·_: 
21. Jakob,_ M. (1949) Heat Transfer, Wiley, New York, Vol 
22. Jakob, M. (1957) Heat Transfer, Wiley, New York, Vol 
p. 153 




23. Kreith, F. (1958) Principles of Heat Transfer. Inter-
national Textbo_ok Company, Scranton 
24. Eckert, E. t) •". G. and R. M. Drc1.lce (1959) Heat and Mass 
Transfer. }~Graw-Hill Book Company, 
Inc·., New York 
25. Shapiro, J.)),~. H. (1953) The Dynamics and Thermodynamics 
of Compressible Fluid Flow. The Ronald 
Press Company, Ne~ York, Vol I 
26 •. Shapiro, A.H. (1953) The Dynamics ~and Thermodynamics 
of Compressible Fluid Flow. The Ronald 
~ess Company, New York, Vol II 
27 Schneider, P. J. (1957) Conduction Heat Transfer. Addison-
Wesley Publishing Company, p. 173-181 
28. Rohsenhow, W. M. (1946) A Graphical Determination fo 
Unshielded-Thermocouple Thermal Correc-
tion, Transactions of the A.S.M.E., 
· Vol 68, p. 195-198 
29. Scesa, S. and S. Levy (1954) Heat transfer to constant-
property lami_nar boundary-layer wedge 
flows with stepwi~e and arbitrary wall-
temperature variation. Transactions of 
the A.S .M.E., Vol 76, :P• 279-286 
30. Tribus, M. and J. Klein (1953) "Forced convection from 
nonisothermal surfaces". Synopsium on 
Heat Transfer held at the University of 
Michigan during the summer of 1952. Eng. 
Res • . Institute, University of ¥ichigan 
82 
31. Boelter, L. M. K., Cherry, V. H., Johnson, H. A., and 
R. C. Martinelli (1948) Heat Transfer 
Notes. University of California Press, 
p. XIV-11 
32. Davies, V. C. and M. Al-Arabi (1955) ·Heat transfer 
I 
· between tubes and a fluid flowing 
through them with varying degrees of 
turbulence due to entrance conditions. 
The Inst. of Mech. Eng., Adve..nce Copies, 
10 p. 
33. Humble, L. V., W. H. Lowdermilk, and D. G. Milton (1949) 
Heat-transfer coefficients and fric.tion 
factors for air flowing in a tube at high 
surface temperatures. Heat rrransfer and 
Fluid Mechanics Institute, published by 
the A.S.M.E., p. 165-189 
34. Special Report (1937) Fluid meters,. their theory and 
application. Published by the A.S.M.E .• , 
part I 
35. Perry, J. H. (1950) Chemical Engineering Handbook, 3rd 
ed., McGrm·1-Hill Book Company, Inc., 
New York 
VITA 
The author, son of Mr. and Mrs. Moshe Rachovitsky, 
was born September 9, 1930 in Tel-Aviv, Israel. He 
received his elementary education at the Kalia Public School, 
on the northern shore of the Dead-Sea. His secondary educa-
tion was obtained at the Public High School in Jerusalem, 
Israel. 
At the beginning of 1948 he joined the Israel Defense 
Army. He served during the War of Independence and was 
discharged in 1949. In 1953 he received a commission as a 
Second Lieutenant in the Israel Defense Army Reserve. During 
the years 1949-1951 the author was emplnyed by Serafon 
Plastic Company in Israel as a maintenance mechanic and in 
September 1951 he started his studies in the Technion -
The Israel Institute of Technology, where he was granted the 
B.Sc. Degree in Mechanical Engineering in 1955. In 1956 he 
was granted· the Ingenieur degree. in Mechanical Engineering. 
After studying ·one year more in the Israel Institute of 
Technology he was granted the B.Sc. Degree in Industrial 
Engineering in 1956. 
The author was employed. from August 1955 to August 
1958 by the Fertilizers end Chemicals Company in Israel as 
a maintenance engineer. 
84 
The author was granted a Graduate Fellowship by the 
Missouri School of Mines of the University of Missouri and 
came to the United States in September 1958. From that time 
until the present, he has been ·working towards the degree of 
Master· of Science in Mechanical Engineering • . 
The author is ·a member of the Engineers and Architects 
Organiza t i on in Israel and the l~merican Society of Mechanical 
Engineering. 
The author married Miss Rachel Chazen of Israel in 
1955. 
